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Abstract 
Numerous research results have been published on the storage science and the technology of CO2 storage in saline aquifers to 
address the knowledge gaps identified by the IPCC Special Report on Carbon Capture and Storage in 2005. Significant progress 
has been made towards developing consistent methodologies for the classification and determination of CO2 storage capacity and 
towards comprehensive guidelines regarding site selection, site characterisation, risk assessment and monitoring and plans. 
Although advancements have been made with respect to geochemical processes and numerical simulations, a larger portfolio of 
CO2 storage operations is needed to provide realistic data for model calibration and substantiation of time frames for various 
trapping mechanisms. The experience from existing storage projects has shown that CO2 geological storage in saline aquifers is a 
technology that can be successfully and safely applied today. However, proper regulations for CO2 storage are needed to reduce 
the current uncertainty associated with the economics of CO2 storage and to accelerate the deployment of CCS technology.  
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1. Introduction 
Injecting carbon dioxide (CO2) into deep saline aquifers is one of three main options for the geological storage of 
CO2 in order to reduce anthropogenic greenhouse gas emissions into the atmosphere. Previous studies have shown 
that, compared to the other two options (storage in depleted hydrocarbon reservoirs and in deep, un-mineable coal 
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seams), deep saline aquifers have the highest potential capacity globally for CO2 storage. The Special Report on CO2 
Capture and Storage by the IPCC [1] identified various knowledge gaps related to aquifer storage of CO2, many of 
which needed addressing before the widespread commercial implementation of the technology is possible. The 
knowledge gaps can be summarised as follows: 
 
1. Current storage capacity is imperfectly known due to inconsistency in assessment methodologies, lack of 
data and gaps in global, regional and local estimates, particularly data from Africa, South America and large 
parts of Asia, although there are also many data gaps in OECD countries too. 
2. Kinetics of trapping mechanisms and their long-term impact on reservoir characteristics, particularly 
geochemical trapping need further investigation. 
3. Improved coupled hydrogeological-geochemical-geomechanical numerical models would help to better 
predict the long-term fate of injected CO2 in the subsurface and quantify potential leakage rates. 
4. Risks of CO2 leakage from abandoned wells due to casing and cement degradation and the temporal 
variability and spatial distribution of leaks should be better assessed.  
5. Quantitative methods to assess the risk of CO2 leakage to human health and the environment are needed. 
6. Improved monitoring technologies would be useful, such as a) better geophysical techniques for the 
quantification and resolution of the location of CO2 plumes in the subsurface, b) improved remote sensing 
and other cost-effective surface methods for temporally variable leak detection, c) methods for fault and 
fracture detection and characterisation of their leakage potential, and d) development of suitable long-term 
monitoring strategies. 
7. Options for mitigation and remediation technologies for potentially leaking CO2 need to be developed. 
8. There is insufficient information on potential costs of CO2 storage in aquifers, including regulatory 
compliance costs and monitoring requirements. 
9. The regulatory and liability framework for CO2 storage in aquifers is unclear or needs to be established, 
particularly with respect to decommissioning requirements and long-term liability. 
10. Standardised approaches for verification and accounting of CO2 storage are lacking. 
 
Consequently, the IEA Greenhouse Gas R&D Programme (IEA GHG) instigated a study to review the recent 
advancements in the science related to aquifer storage of CO2, to compile the knowledge gained from existing CO2 
injection operations and to address the need for future research. The obtained knowledge from pilot and 
demonstration projects is reviewed in a companion paper “CO2 Storage in Saline Aquifers II – Experience from 
Existing Storage Operations. This paper reviews the main knowledge gaps with respect to the actual science of CO2 
storage in aquifers identified in the IPCC SRCCS, which includes the geochemical processes in the subsurface 
environment and the numerical modelling of coupled processes. Also reviewed are new developments and 
methodologies with respect to storage capacity estimations, and best practice of site characterisation related to the 
geological storage of CO2 in saline aquifers. 
2. Results 
2.1. Geochemistry 
There has been a considerable increase in the number of publications addressing aspects of the geochemistry of 
CO2 geological storage. The ability to simulate the dissolution of CO2 into variable salinity NaCl dominated 
formation water is demonstrated to match experimental data although there is a need for more experimental data in 
the P-T-x space typical of CO2 geological storage conditions. Geochemical modeling codes are sufficiently well 
developed to enable speciation and saturation index calculation for complex aqueous solution composition and many 
mineral phases. More experimental and field data for single- and multi-mineral phase-aqueous solution systems are 
required to ensure reaction path models are representative of natural systems. Incorporation of kinetics of reactions 
introduces significant uncertainty because of the number of variables required to adequately represent the controls 
on rates and the reaction mechanisms. However, the geochemical modeling of experimental, field and natural 
analogue data is being carried out and the uncertainty is recognized and can be addressed. Even with this 
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uncertainty, numerical simulations of aquifers and reservoirs that do not incorporate geochemical interactions will 
always overestimate the amount of CO2 that is stored as an immiscible phase and thereby elevate the predicted risk 
of leakage. 
 
Remaining knowledge gaps in geochemistry should not be considered as major road block towards the 
commercial implementation of CO2 storage in saline aquifers. Still, the following issues should be addressed by the 
research community to improve the quantification of CO2 stored by different storage mechanisms and numerical 
modeling results:  
 
1. Conceptual models of the geochemical system need to be provided in detail. Choices of reactant and product 
phases are often the product of the numerical model rather than constrained by experimental and 
observational data. 
2. More thermodynamic data especially for Pitzer equation formulation is required for saline solutions. 
3. Thermodynamic properties of mixed mineral phases (solid solutions) and poorly defined mineral phases like 
clays are not well constrained. 
4. Surface processes like adsorption and exchange can act as a significant buffer to pH changes and can be a 
store of cations that may be involved in mineral trapping. Many modeling codes include the ability to 
simulate adsorption and ion exchange making sensitivity analysis possible. More experimental data is 
required. 
5. Kinetic rate parameters still need to be refined for some mineral phases especially mixed mineral phases and 
poorly defined mineral phases like clays. Dawsonite precipitation kinetics need to be investigated as this is 
one of the most common product phases of numerical simulations and yet is not a common phase observed 
in natural analogues or experiments. 
6. Reactive surface area – determination, calculation, estimation. The most common difficulty described in the 
recent literature is the selection of a value for the reactive surface area to include in rate equations. 
7. Surface reaction mechanisms and how they influence the rates of reaction is poorly understood and difficult 
to model. 
8. Precipitation nucleation and degree of supersaturation required for precipitation for many important phases is 
not well known.  
9. Upscaling of reaction kinetics from the mineral surface to the continuum scale of reactive transport modeling 
is poorly constrained.  
10. Integration of experimental and natural analogue observations with geochemical reaction path and reactive 
transport modeling is receiving considerable attention and has promising outputs for helping constrain 
predictive models. More extensive datasets need to be gathered to populate model systems. 
11. Experiments addressing specific aspects of the mechanisms of geochemical trapping need to be undertaken – 
dissolution/precipitation kinetics, multiphase systems, mineral surface processes. All require more attention.   
 
2.2. Numerical Modeling 
In the last decade, the numerical modeling of geological storage in saline aquifers has progressed from the 
examination of completely generic models - usually homogeneous and with simple geometry - to generic models 
with more realistic geological frameworks and the simulation of more complex geological models for hypothetical 
sites or actual field projects. In part this progress has been achieved by taking standard modeling and simulation 
tools from the petroleum industry, and applying them to CO2 geological storage.  
 
However, there have also been advances that are specific to CO2 geological storage and these can be summarised 
in relation to the knowledge gaps identified in section 5.10 of the IPCC SRCCS that relate to numerical modeling. 
One was the development of “Reliable coupled hydrogeological-geochemical-geomechanical simulation models to 
predict long-term storage performance accurately”. The simulation software for coupled models is well-developed, 
particularly for reactive transport models, although the coupled geomechanical codes are still at a more preliminary 
stage. Code comparisons are important to developing greater confidence in these modeling tools, and another one is 
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currently underway for flow simulations. More comparison is needed, especially for coupled geochemical and 
geomechanical models. The use of such coupled models to probe scenarios for CO2 storage is still in an early phase, 
since there is a very wide spectrum of possibilities e.g. the range of mineralogies in reactive transport simulations. In 
many domains, the capabilities of the coupled models are well ahead of laboratory or field data that could constrain 
or verify their predictions. Remaining issues include the further development and comparison of geomechanical 
models, coupling of density effects in reactive transport simulations and comparisons with field data or analogue 
data. 
 
General flow simulation of saline aquifer storage since 2005 has emphasized the roles of heterogeneity, relative 
permeability hysteresis and convective mixing on CO2 migration and trapping. Well placement issues such as deep 
injection (to maximize trapping) and brine co-injection (to maximize dissolution) have been explored. Analogues to 
gravity currents have been used to predict the migration of CO2 plumes and dissolved CO2. Specific issues that still 
remain to be further investigated include the simulation of tracer effects in CO2, coupling with hydrogeology, and 
the upscaling of various processes (i.e., solubility, residual gas trapping, convective mixing, and vertical CO2 
migration).  
 
Another IPCC knowledge gap was the “Quantification of potential leakage rates from more storage sites”. 
Progress has been made here on exploring a variety of scenarios for leakage to surface, including the possibilities of 
sudden large releases. Both self-limiting and self-enhancing effects are present, but no risk of catastrophic release 
has yet been identified. Coupling from near-surface leakage to the atmosphere has been examined in field trials. 
Caprock integrity is also germane to leakage rates, and the competition between self-sealing and self-enhancing 
processes in caprock leakage has also been investigated. Relevant here too is the IPCC knowledge gap on “Risks of 
leakage from abandoned wells caused by material and cement degradation”. Progress has been made on laboratory 
studies on CO2-cement interactions and analysis of some field samples, but the key issue appears to be the nature of 
pre-existing flow paths in the cement. Further work is needed to quantify potential leakage rates, especially from 
faults and fractures, and for this analogue or field data is required. Simulation of near-surface leakage or shallow 
aquifers requires better models of CO2 gas/liquid transitions and hydrate formation. Quantification of wellbore 
leakage requires better characterisation of leakage pathways through wellbore cement, and simulation of the 
coupling between flow along these pathways and CO2-cement reactions. 
 
The current knowledge gaps can be summarized in three categories. The first is technical simulation issues, such 
as processes that are not adequately modeled in current software. The second is theoretical issues, where simulation 
tools are being used to explore and optimize scenarios for CO2 storage. The third is data issues, where laboratory, 
field or analogue data is needed to check and improve the existing numerical models. 
  
Technical simulation issues: 
 
1. Code comparisons need to be extended to more detailed examinations of coupled geochemical and 
geomechanical models.  
2. Improved flow modeling of CO2 liquid/gas transitions in shallow reservoirs or near-surface leakage, possibly 
including hydrate formation. 
3. Better simulations of tracer effects in CO2, especially density effects due to accumulation of relatively 
insoluble tracers at the front. 
4. Inclusion of fluid density changes in reactive transport simulations, for coupling to fluid convection.  
 
Theoretical issues: 
 
5. Upscaling of CO2 simulations e.g. upscaling of solubility, residual gas trapping, convective mixing or 
vertical migration of CO2. 
6. Improved quantification of potential leakage rates of CO2 and CO2/gas mixtures to the surface, especially 
through faults and fractures, with coupling to geomechanics. 
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7. Simulation of CO2 leakage rates through wellbore cement, including coupling to CO2-cement reactions, to 
arrive at a better assessment of the overall risk of well leakage. 
8. Simulation of surface leakage of CO2, including screening of scenarios for sudden releases, and coupling 
with the atmosphere (onshore) and the sea (offshore).  
9. Simulation of coupling CO2 injection to hydrogeology, including assessment of effects on CO2 migration 
and adjacent aquifer units. 
 
Data issues: 
 
10. Data sets to test models for convection of dissolved CO2 and coupled reactions on large time scales (beyond 
what is possible in demonstration projects, so would need to be from natural systems). 
11. Data sets to test geomechanical models for fault reactivation (if faults are to be deliberately reactivated to 
test models this would involve water rather than carbon dioxide). 
12. Data sets to test leakage models, perhaps using natural systems.  
13. Data sets to test and calibrate tracer/CO2 behaviour in laboratory and field, including partitioning coefficients 
between a dense CO2 phase and water. 
14. Field data sets to characterise leakage pathways through wellbore cement. 
 
2.3. Storage Capacity Classification and Estimation 
The publication of the Carbon Sequestration Atlas of the United States and Canada by the US DOE [2] and the 
results from the CSLF Phase 2 report on the Estimation of CO2 Storage Capacity in Geological Media [3,4] 
represent significant progress towards developing consistent methodologies for the classification and determination 
of CO2 storage capacity in saline aquifers. The CO2CRC [5] in Australia proposes to adopt a combination of the US 
DOE methodology of capacity calculation with the CSLF classification scheme of storage estimates, and to expand 
the latter by incorporating  the SPE Petroleum Resources Classification framework [6]. The main cause for the large 
discrepancy between and range in existing global and regional CO2 storage capacity estimates is the use of a 
combination of two fundamentally different concepts: 1) considering the entire aquifer versus accounting only 
structural traps for CO2 storage, and 2) assuming CO2 storage in solution versus storage as free-phase fluid. 
However, the example of the US DOE Atlas [2] shows that, by knowing the underlying assumption in each regional 
partnership’s estimation methodology, the results obtained by different methods can be easily converted into 
comparable capacity estimates. In addition, when presenting regional or global storage capacity values, they should 
be clearly classified within the CSLF Techno-Economic Resource-Reserve pyramid. 
 
Since the publication of the IPCC SRCCS [1], new storage capacity estimates have been produced by the US 
Regional Partnership program, individual studies in Japan, China and Europe, and regional, basin-scale studies in 
Australia. In addition, there are active projects like GEOCAPACITY in Europe and CARBMAP in Brazil that 
anticipate to present regional capacity estimates for their respective regions within the next year or two. However, 
except for the initiation of CCS research programs almost no progress has been made in obtaining reliable CO2 
storage estimates for Latin America, Africa, and large parts of Asia. Remaining issues are: 
 
1. Universal agreement on methodology and classification, particularly whether the estimates are based on a) 
only structural traps within the aquifer, b) the entire aquifer, c) CO2 in solution and/or d) CO2 as separate 
phase/residual; 
2. Development of regional capacity estimates that incorporate all aspects of saline aquifer storage. 
3. Consistent consideration of economics in capacity estimates. 
4.  (Reliable) regional estimates for Latin America, Africa, and Asia. 
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2.4. Best Practice and Site Characterisation 
Site characterisation is the most time-consuming and costly part of the CO2 storage site selection process. Site 
characterisation involves greater detail than basin assessment investigations and may involve re-evaluation of 
regional geology, and generation of new and/or updating of existing data such as geologic and seismic data (static) 
and engineering data (dynamic), computer models, flow simulation, and ultimately injection. Site characterisation 
considers factors such as injectivity and containment. Data sources can include 2D and 3D seismic surveys, well log 
and core data, drill cuttings, biostratigraphy, field production and fluid data. Typical steps in site characterisation are 
structural and stratigraphic interpretation based on available subsurface data, building of geological models with 
realistic stratigraphic heterogeneity, and flow simulations to predict CO2 plume migration. The ultimate goal of a 
storage project is to have a commercially and technically viable operational site for deployment. Site deployment 
thus requires all the geological, engineering, economic and regulatory considerations of a site being taken into 
account, and operational storage capacity being determined. The Storage Capacity Estimation, Site Selection and 
Characterisation for CO2 Storage Projects by the CO2CRC [5] provides a useful summary on the topic of site 
characterisation.  
 
With respect to the site specific assessment of prospective CO2 storage site, the Best Practice Manual from the 
SACS and CO2STORE projects by Chadwick et al. [7] represents significant progress towards comprehensive 
guidelines regarding site selection, site characterisation, risk assessment and monitoring and remediation plans. Due 
to the extremely variable natural systems present in the subsurface, properties may be highly site specific and hence 
the applicability of procedures or recommendations may become more generally applied as further case studies are 
examined and added to the Best Practice Manual. Nevertheless, a wide range of geological, environmental and 
planning issues are addressed in the Best Practice Manual from the SACS and CO2STORE projects by Chadwick et 
al. [7]), and the document forms a sound basis for establishing recommended procedures for the planning and setting 
up of a potential CO2 storage operation. The document relies heavily on the experience gained from five CCS 
operations and research in Europe, particularly from the Sleipner project. A number of projects are working towards 
improvements in best practice. For example, CASTOR and CO2 Capture Project are further developing the Best 
Practice Manual through the addition of case studies and establishment of best practice networks. Furthermore, the 
IEA Greenhouse Gas R&D programme website provides a support database for the collection of documents with the 
aim of ultimately developing definitive best practices in both carbon capture and storage. The CO2CRC [5] report 
provides an additional Australian perspective to these topics in a single document.  
 
The review of the best practice in site characterisation since the IPCC SRCCS [1] has identified a number of 
remaining gaps in knowledge with the following recommendations: 
 
1. Due to the variability in the subsurface it is recommended that a broadly representative range of case studies 
be added to the Best Practice Manual. 
2. Current best practice manuals have a European focus. It would be advantageous to have additional examples 
from other regions (e.g. USA, Australia, Canada etc). 
3. Combining Best Practice and Site Characterisation manuals developed in different parts of the world should 
be attempted to ensure that a wide range of geological, political and economic environments are covered. 
4. The existing SACS/CO2STORE manual is extensive and comprises some 270 pages. However, it would be 
useful to develop a summary document of generic findings and perhaps a Best Practice quick reference guide, 
which may be cross-referenced against developing regulatory requirements. 
5. It would be useful to have Best Practice guides for other CO2 storage options (e.g. depleted reservoirs, 
EOR/EGR and coal seams). 
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3. Conclusions 
Since the release of the IPCC SRCCS in 2005 there has been considerable progress in the development of 
technology and knowledge relating to the geological storage of CO2. A summary of the scientific and technological 
knowledge targets identified in the review relative to their importance for the development of commercial scale 
storage of CO2 in saline aquifers are listed in Table 1.  
Table 1. Geological storage of CO2 in saline aquifers – issues, progress and remaining knowledge gaps. 
 
Issue 
2008 Progress Remaining 
gaps 
Comments Importance  
Uncertainty in capacity 
estimates 
US DOE Atlas 
Japan 
Africa, Asia, 
Latin America 
Need more 
demonstration 
projects 
 
Storage 
Capacity 
Inconsistent 
methodology 
US DOE Atlas 
CSLF Report 
CO2CRC Report 
Universal 
document 
Should be 
consistently applied 
 
Geochemistry 
Advances in 
solution 
composition and 
surface processes 
Use of reactive 
surface area in 
models; 
experiments 
addressing 
specific aspects 
of geochemical 
trapping 
 
 
Storage Science 
(Coupled) numerical 
models 
Modelling of 
experimental and 
natural analogue 
data; well leakage 
Data for 
calibration; up-
scaling of 
processes 
 
Local-scale capacity  
Storage 
engineering Injectivity  
Portfolio of 
storage 
environments 
 
Need for testing and 
improvement 
Results from Frio 
& Nagaoka 
Long-term 
monitoring and 
verification data 
Need more 
demonstration 
projects 
 
Detection of leaks -  
Monitoring 
Verification of storage - 
Cost-effective 
monitoring 
techniques 
  
Regulations 
Lack of proper 
regulatory framework 
Draft legislations 
in Australia, US, 
Europe 
Final legislation 
and trading 
schemes 
 
 
Economics 
Cost for storage 
projects not well 
known 
 
Comparability of 
different cost 
estimates 
Economics depend 
significantly on 
location and 
legislation 
 
Lack of  quantitative 
methods 
   
 
Risk/Operation 
safety 
Need for storage 
duration and safety 
protocols 
Best Practice 
Manual(s) 
  
 
red = significant road block; orange = substantial research gaps, but not crucial for commercial application; yellow = some research needed, but 
depends largely on new data from large-scale injection projects for verification; green = sufficient knowledge, might need minor improvements & 
consistency.  
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Many of the knowledge gaps and issues identified in this study are either of a purely academic nature and do not 
represent significant road blocks towards the implementation of commercial aquifer storage sites, or additional 
large-scale injection projects are needed to answer the remaining questions and to provide data for the verification of 
modeling results and the development of new, cost-effective monitoring schemes. The main challenges and barriers 
to the deployment of CCS are of a more general nature according to Bachu [8] and refer to all storage options:  
 
1. Unattractive economics, particularly for the capture portion of CCS; 
2. Public acceptance, particularly perception of safety risks; and most importantly, 
3. The absence of a comprehensive policy, legislation, and regulatory framework. 
 
In conclusion, CO2 geological storage in saline aquifers is a technology that can be successfully and safely 
applied today as shown by the experience from active commercial storage projects at Sleipner, In Salah, Snøhvit, 
and acid-gas injection sites in Canada. Research at pilot storage operations at Frio, Nagaoka and Otway have 
significantly advanced the science and numerical modeling of CO2 geological storage, tested various monitoring 
technologies and resulted in Best Practice recommendations for the sighting and characterisation of CO2 storage 
sites. For further progress, a larger portfolio of large-scale storage operations (demonstration/commercial) is needed 
to provide data for verification and calibration of numerical models, and to better constrain geomechanical as well as 
geochemical processes.  The most significant barriers for the wider commercial implementation of CO2 storage in 
saline aquifers is that a proper regulatory framework is still lacking in many jurisdictions. Many countries expect to 
have regulations for CO2 storage in place within the next 1 or 2 years, which will reduce the current uncertainty 
associated with the economics of CO2 storage and hopefully will accelerate the deployment of CCS technology. 
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